Ribosome functional assay
Poly(U)-dependent polyphenylalanine synthesis was performed at 37°C for 10 min in a 75 µl solution containing 10 pmol of purified ribosomes, 40 pmol of [ 14 C] Phe-tRNA (400 cpm/pmol), 10 µg of poly(U), 0.25 mM GTP, 5 mM MgCl 2 , 100 mM NH 4 Cl, 0.2 mM dithiothreitol, and 50 mM Tris-HCl (pH 7.5) in the presence of 200 µg of S200 fraction (EF-mix) from B. mori silk gland cell lysate [18] . Measurements were performed several times; P values were calculated using a two-tailed Welch's t-test.
Ribosome sedimentation assay
For 80S ribosome analysis, 10 pmol of purified ribosomes were incubated at 37°C for 10 min in 5 mM MgCl 2 , 25 mM KCl, 5 mM 2-mercaptoethanol, and 20 mM Tris-HCl (pH 7.6).
The solution was overlaid on a 15%-30% (w/v) sucrose gradient in the same buffer and centrifuged for 3 h at 40,000 rpm and 4°C in a Hitachi RPS65T rotor. Ribosomal subunits (60S and 40S) were similarly analyzed, except the solution contained 3 mM MgCl 2 and 300 mM KCl. After centrifugation, the gradient was pumped from the bottom of the tube using a peristaltic pump under simultaneous and continuous A 260 monitoring.
Next-generation sequencing transcriptome analysis of silk glands
Total RNA was isolated from S. marmorata larval silk glands frozen in LN 2 using an ISOGEN-LS (Nippon Gene, Japan) according to the manufacturer's instructions. After determining RNA quantity and quality, RNA-seq libraries were prepared using a TruSeq http://cell-innovation.nig.ac.jp), and was achieved by (i) removing duplicated reads, (ii) trimming adapter sequences and 9 bases from 5′ ends, and (iii) filtering low-quality reads.
Quality-controlled reads were assembled de novo using Trinity program, DDBJ Read Annotation pipeline (http://p.ddbj.nig.ac.jp/pipeline) [20, 21] , which generated 21,517 contigs of >200 bp with a N50 of 842 bp. Functional annotation of all contigs was based on best BlastX (Uniprot/Swiss-prot) and BlastN (NCBI/NR) hits on the Maser analysis pipeline.
Contigs_04358 and 05690 contained full-length 5.8S-28S rRNA and ribosomal protein L23a genes, respectively; each sequence was registered in DDBJ under accession numbers LC094265 and LC094266.
Results and discussion

Seasonal translational activity in larval silk glands
We previously demonstrated constant abundance of Smsp-1 mRNA in S. marmorata larval silk glands collected even in winter when larval net-spinning activity decreased [15] .
To further investigate the molecular details of season-dependent translation regulation in S. marmorata, we analyzed the ribosomes. Translationally active ribosomes were isolated from immediately LN 2 -frozen silk glands of S. marmorata larvae collected in spring, summer, and autumn ( Fig. 1A) . In contrast, ribosomes isolated from silk glands collected in winter exhibited remarkably reduced translation activity ( Fig. 1A , winter/LN 2 ). In addition, inactive ribosomes were also obtained from ice-cold silk glands of the summer larvae ( Fig. 1A , summer/ice-cold) although active ribosomes were prepared from B. mori silk glands via the same procedure [18] (Fig. 1A, B . mori). We further analyzed silk proteins in S. marmorata larval silk glands by SDS-PAGE analysis. No Smsp-1 was detected (Fig. 1B , lane 1) in winter, despite mRNA presence [15] . This result is consistent with very low activity of the ribosomes prepared from the winter silk glands ( Fig. 1A , winter/LN 2 ). S. marmorata larvae appear to suspend translating Smsp-1 mRNA by inactivating ribosomes during winter. In summer, Smsp-1 was detected in silk glands prepared under ice-cold conditions (summer/ice-cold) (Fig. 1B, lane 2) . These imply that the cold conditions trigger down-regulation of Smsp-1 translation.
Ribosome particle characterization
Typical eukaryotic ribosomes have a sedimentation coefficient of 80S, and are composed of 60S (large) and 40S (small) subunits. We examined ribosome profiles using sucrose density gradient (SDG) analysis to explore differences between active and inactive ribosomes from S. marmorata silk glands (Fig. 2) . B. mori ribosomes exhibited typical sedimentation patterns with a single 80S ribosome peak and double peaks corresponding to 60S and 40S subunits in the presence of low (50 mM KCl/5 mM MgCl 2 ; Fig. 2A , dotted line) and high (300 mM KCl/3 mM MgCl 2 ; Fig. 2B , dotted line) ionic strengths, respectively. Similar patterns were observed in active ribosomes prepared from summer silk glands under both ionic strength conditions ( Fig. 2A and B , red). Conversely, 80S peak intensity drastically decreased in inactive ribosomes prepared from winter silk glands despite low ionic strength conditions ( Fig. 2A, blue) , indicating translation activity correlation with 80S ribosome formation. Significant increases in 40S subunits and smaller sedimentation particle generation (estimated at 27-30S) in the same ribosomes were accompanied by a decrease in 60S subunits under high ionic conditions (Fig. 2B, blue) ; an identical pattern was observed in ribosomes prepared from ice-cold summer silk glands (Fig. S2 ). These results suggest that cold stress induces splitting 60S subunits into at least two particles with 40S and 27-30S sedimentation coefficients, blocking 80S ribosome formation. We unsuccessfully attempted to determine whether these peaks included some of the 60S subunits, although it appeared likely that 40S subunits remained intact in cold conditions (Fig. 2B, blue) . We inferred that small ribosomal subunits were stably retained in SGs together with Smsp-1 mRNAs under cold stress conditions. We proceeded to analyze ribosomal components, proteins and RNAs. Although with slight differences, SDS-PAGE analysis (Fig. 3A) revealed similar 80S ribosome protein patterns among active summer (summer/LN 2 , lane 1), inactive winter (winter/LN 2 , lane 2), and inactive summer (summer/ice-cold, lane 3) samples. Agarose gel electrophoresis of rRNAs prepared from the same ribosome samples failed to reveal differences (Fig. S3 ). These results imply that ribosomal protein assembly on rRNAs occurs in similar manner, regardless of ribosome activity.
We were interested in the disappearance of the 28S rRNA bands of S. marmorata (Sm) and B. mori (Bm) and enhancement of the 18S rRNA bands under both native and denaturing conditions (Fig. 3B , lane Bm and Sm), which appeared not to result from artificial cleavage, because a distinct Rattus norvegicus (Rn) 28S rRNA band was detected in the same gels (Fig.   3B , lane Rn). These results suggest that S. marmorata (Trichoptera) has central cleavage of 28S rRNA molecule, a "hidden break" often found in protostomes such as B. mori (Lepidoptera) [22] .
Prediction of the central hidden break site in 28S rRNA
The precise central hidden break site has been determined for some protostomia species 80S ribosomes revealed that the 28S rRNA of D. melanogaster, but not of H. sapiens, was separated into two fragments, 28Sα and 28Sβ, by splicing out 45 bases at the central hidden break site (Fig. S4) [26] . We obtained a complete 28S rRNA sequence via de novo transcriptome analysis of the S. marmorata silk gland (contig_04358); this allowed construction of a secondary structure model of S. marmorata ES19L (Fig. 4A) , which is similar to that of B. mori (Fig. 4B) , D. melanogaster, (Fig. 4C) , and H. sapiens (Fig 4D) .
Hidden break sites are predicted to exist in a large loop next to the ES19L stem ( Fig. 4A-C) , although this does not occur in H. sapiens rRNA (Fig. 4D ). When and how 28S rRNA is processed to generate the central hidden break is unclear. Several researchers have proposed a relationship between ribosomal protein L23a (L25 in yeast) and hidden break processing because most organisms with a central hidden break harbor a flexible histone H1-like N-terminal extension (NTE) in L23a; the NTE of L23a, although its structure cannot be visualized, appears to be located adjacent to the central hidden break site (Fig. S4) [26] [27] [28] [29] . S. marmorata L23a (contig_05690 in our transcripts) contains the NTE of approximately 180 amino acids (full-length is 326 amino acids) with relatively high homology to corresponding part in B. mori and D. melanogaster, but not in H. sapiens (Fig. 4E ).
Relationship between fragmented 28S rRNA and translation control
The central hidden break of 28S rRNA probably plays an important role in ribosome function because processing is widely observed in protostomes [22] ; however, little is known about its biological and physiological significance. Besides the central hidden break, large subunit rRNA (28S/23S) fragmentation has been detected in various living cells and organelles [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Azpurua et al. recently revealed that 28S rRNA of naked mole-rat, a subterranean rodent, is cleaved into two fragments within ES15L (D6) region; naked mole-rat cells have a 4-10-fold higher global translation fidelity relative to mouse cells, despite equivalent translation rates [30] . Additionally, the chloroplast ribosomes of an Arabidopsis thaliana nara12-1 mutant, which exhibits defective chloroplast 23S rRNA fragmentation processing, have dysfunctional translation elongation [31] , thereby suggesting 28S/23S rRNA fragmentation is a translation control strategy in various organisms, regardless of its variable effects. Therefore, it is a leading hypothesis that the central hidden break involves splitting of 60S subunits in S. marmorata silk glands exposed to cold stress and, thus, diminished translation of Smsp-1 mRNA. Ribosome biogenesis and protein synthesis require considerable energy and are, thus, down-regulated to avoid wasteful energy consumption under unfavorable growth and proliferation conditions [2, 3] . Limited 60S subunit destruction, which would allow immediate regeneration of mature 60S subunits via split particle reassembly in response to improved conditions, is energetically advantageous. This process appears to be a novel-type ribosomal-regulated translational control involving the central hidden break of 28S rRNA in response to cold stress. Now, the question is why do B. mori ribosomes from ice-cold treated silk glands exhibit normal translation activity despite the central hidden break in 60S subunits? The reason is still unknown; however, a possible reason is that B. mori is a domesticated animal and does not overwinter at the larval stage. In the fields of molecular and cellular biology, most studies have used laboratory organisms (rat, mouse, D. melanogaster, and B. mori). Moreover, future studies of wild organisms such as S. marmorata will give further insights for biological function and regulation in nature. 
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